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Polyelectrolyte multilayer (PEM) films have become very popular for surface functionalization and the design of
functional architectures such as hollow polyelectrolyte capsules. It is known that properties such as permeability to small
ionic solutes are strongly dependent on the buildup regime of the PEM films. This permeability can be modified by
tuning the ionization degree of the polycations or polyanions, provided the film is made from weak polyelectrolytes. In
most previous investigations, this was achieved by playing on the solution pH either during the film buildup or by a
postbuildup pH modification. Herein we investigate the functionalization of poly(allylamine hydrochloride)/poly-
(glutamic acid) (PAH/PGA) multilayers by ferrocyanide and Prussian Blue (PB). We demonstrate that dynamic
exchange processes between the film and polyelectrolyte solutions containing one of the component polyelectrolyte
allow one to modify its Donnan potential and, as a consequence, the amount of ferrocyanide anions able to be retained
in the PAH/PGA film. This ability of the film to be a tunable reservoir of ferrocyanide anions is then used to produce a
composite film containing PB particles obtained by a single precipitation reaction with a solution containing Fe3þ
cations in contact with the film. The presence of PB in the PEM films then provides magnetic as well as electrochemical
properties to the whole architecture.
Introduction
The deposition of polyelectrolyte multilayer (PEM) films
became a versatile and simple method to functionalize the surface
of a broad range ofmaterials in an easy and reproduciblemanner,
allowing one to control the thickness of the film by playing on
parameters such as the number of adsorption steps or the
physicochemical parameters of the solution during the build-up
of the film.1-5 The deposition of these coatings relies on the
overcompensation of the surface charge of the substrate upon the
deposition of a polyelectrolyte, hence allowing the deposition of
an oppositely charged one.6-8 The successive deposition of two
oppositely charged polyelectrolytes, separated by a rinsing step
with a polyelectrolyte free solution, leads to a “layer pair”. The
electrostatic interactions can beof very peculiar nature.9 Indeed, it
has been found that the complexation enthalpy between the
polycation and the polyanion used to build up the PEM films is
endothermic when the buildup regime of the film is supralinear.
This means that the interactions between the participating poly-
electrolytes are driven by an entropy increase.9 In has also been
demonstrated that the interactions allowing the buildup of such
films are not only of pure electrostatic nature.10 The global
entropy increase accompanying polyelectrolyte complexation is
most probably due to counterion release, as it has been demon-
strated for polycation-DNA complexation processes taking
place in solution.11 The absence of small ions originating from
the electrolyte solution in PEM films made from poly-
(diallyldimethyl ammonium chloride) (PDADMAC) and poly-
(4-styrene sulfonate) (PSS) first suggested the intrinsic charge
compensation model in which the charge of the polyanions is
exactlymatched by the charge of the polycations in the bulk of the
film.12 In the framework of this model, only the substrate-PEM
filmandPEMfilm-solution interfaces are charged.However, the
charge compensation could also be of extrinsic nature, meaning
that the ions from the electrolyte solution would contribute to the
charge compensation of the PEM film. In this latter case, the
PEM films should display a Donnan potential.13
Cyclic voltammetry (CV) experiments performed on PEM
films made from different combinations of polyanions and
polycations have shown that such films can be either impermeable
or permeable tomultivalent redox probes. Linearly growing PEM
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filmsmade fromPSS and polycations seem to be totally imperme-
able to ferrocyanide (FCIV) when the number of deposited layer
pairs is higher than about five.14-16 When the number of layer
pairs is smaller, the film permeability to the redox probe strongly
depends on the sign of the last deposited polyelectrolyte. Namely,
when the topmost polyelectrolyte is of the same sign as the redox
probe, it constitutes a barrier to the diffusionof the redox probe in
the PEM film. However, the permeability of the linearly growing
films can be modulated by the change in the nature of the
electrolyte, the ionic strength, as well as the pH value used during
or after its buildup.17 In general, an electrolyte of higher valence is
more efficient for the doping process of PEM films with a
multivalent redox probe.18 In the case of exponentially growing
PEM films,19,20 whose structure is more hydrated, redox probes
are able to diffuse and then are detectable electrochemically
whatever the film thickness. In addition, charged redox probes
can remain confined in the bulk of the film after the rinsing stepwith
a solution free of the redox probe.21-23 As an interesting applica-
tionof this observation, a reversible swelling/deswelling effectwas
observed for FCIV-containing poly(allylamine hydrochloride)/
poly(L-glutamic acid) (PAH/PGA) films during the FCIV oxida-
tion/reduction cycle. These experiments have demonstrated the
potential use of PEM films filled with redox species as electro-
chemical actuators, which could compete with films made from
electroactive polymers.24 This ion incorporation can occur what-
ever the sign of the last deposited layer, with only around 20%
differences in oxidation-reduction currents between positively
and negatively charged ending layers.21 However, the films can be
very selective with respect to the sign of the redox probe. The
Donnan potential, positive or negative, displayed by the films is
determined by the charge of the polyelectrolyte in excess inside the
films, allowing the diffusion and preferential confinement of
oppositely charged redox probes. The permeability and loading
capacity of (PAH/PGA)n films with respect to ferricyanide were
studied by Anzai and co-workers, who modified the pH during
the film buildup to change the ionization degree of the weak
polyelectrolytes.22,23 Another strategy was used by Zhang et al.,
who created selective permeability sites for ions.25 After the layer-
by-layer deposition of complexes made from polyelectrolytes and
small ions and an oppositely charged polyelectrolyte, the small
ions were released upon buffer rinsing, creating “ion traps” for
ions of the same charge as those of the ions initially complexed.
In the present investigation, we first aim at demonstrating that
it is possible to modify the loading capacity in FCIV ions of an
exponentially growing (PAH/PGA)n film without changing the
pH of the external solution. The loading capacity was simply
modified by a post-treatment of the film. Namely, after its buildup,
the film was put into contact with either PGA- or PAH-contain-
ing solutions for variable times without any pH change. This was
done because we suspected that the film is not in its equilibrium
state, even if the deposition kinetics of either PAH or PGA was
achieved after a fewminutes.21,24 We hence make the assumption
that the number of ion pairs between PGA and PAHmay change
after a post-treatment of the PEM filmwith one of its constituting
polyelectrolytes. Moreover, the redox probe confinement in
(PAH/PGA)n films has been used to induce the precipitation of
an inorganic compound inside the film. Prussian Blue (PB)
particles were obtained by diffusion of iron III ions into FCIV-
containing (PAH/PGA)n films. The post-treatment of a (PAH/
PGA)n film allows one to tune the FC
IV concentration confined
and then the amount of PB synthesized into the film. Therefore,
the ion confinement in the PEM films allows one to prepare
functional composite inorganic-organic hybrid materials, as it
has been demonstrated using other strategies.26 Indeed, the
powder obtained from the composite inorganic-organic hybrid
film, with 20 cm2 area and a thickness of about 1 μm, has a
measurable magnetic moment and displays a ferromagnetic-
paramagnetic phase transition at low temperature, as expected for
PB.
Experimental Section
Solutions. All solutions were prepared with Milli-Q ultrapure
water (F=18.2MΩ 3 cm) fromaMillipore system. Sodiumnitrate
(NaNO3), tris(hydroxymethyl aminomethane) base (Tris), nitric
acid (HNO3), sulfuric acid, potassium ferrocyanide (K4Fe(CN)6,
3 H2O), iron(III) nitrate (Fe(NO3)3, 9 H2O), PGA (Mw=4.4
104 g 3mol
-1), PAH (Mw=7.0104 g 3mol-1) and poly(ethylene
imine) (PEI) (Mw= 7.5 105 g 3mol-1) were purchased from
Aldrich andusedwithout further purification.Thebuffer solution
used in this work, unless otherwise specified, was 0.15MNaNO3/
0.01 M Tris with pH adjusted to 7.4 (( 0.1) by the addition of
diluted HNO3 solution. We used nitrate salts instead of the
traditional chloride salts because of the well-known adsorption
of chloride ions on the surface of the goldworking electrodes used
in the CV experiments.
Cyclic Voltammetry. A model CHI 604B potentiostat fitted
with a Faraday cage (CH Instruments,Austin, TX) was usedwith
a regular three-electrode setup. A double junction Ag/AgCl/KCl
(3 M) electrode was used as a reference electrode (model CHI
111), a platinum wire was used as the counter electrode (model
CHI 115), and a gold disk of 2 mm diameter was used as the
working electrode. The gold working electrodes were treated
before each experiment by two polishing cycles using aluminum
oxide particles suspensions of 0.3 and 0.05 μm in diameter
(Micropolish powder, Buehler), respectively. Each polishing cycle
consisted in three polishing steps (2min) with consecutive distilled
water rinses. Each cycle ended with two ultrasound sonication
steps, each one lasting over 3 min. Finally, the working electrodes
were rinsed intensively with distilled water. The working electro-
des were then activated through an electrochemical treatment
consisting in 1000CV sweep cycles between potential values of 0.2
and 1.6 V (vs Ag/AgCl), at a scan rate of 10 Vs-1 in a 0.5 M
sulfuric acid solution.This activation stepallows one to reproduce
the surface chemistry of the gold/aqueous solution interface and
tomeasure the surface roughness.27 The knowledge of the surface
roughness is of prime importance for the calculation of the surface
coverage in electroactive species because the real area accessible to
the ions is higher than the geometric area of the electrode. Only
activated electrodes having a roughness factor ranging from2.2 to
3.5 were used for the subsequent CV and PEM film deposition
experiments. A self-assembled monolayer of mercaptopropane
sulfonate (MPS) was finally formed on the electrode to ensure a
large surface charge before deposition of the PEM film. This was
achieved by immersing the electrode in an aqueous solution
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containing 20 mM MPS and 16 mM sulfuric acid for 30 min,
followed by a rinsing step of 5 min in a 16 mM sulfuric acid
solution, following the protocol proposedbyMokrani et al.28 The
electrodewas finally dipped in the buffer solutionbefore use in the
electrochemical cell and/or adsorption of themultilayer film for at
least 10 min. The electrode polishing, conditioning, and deposi-
tion of the MPS layer were performed before each new PEM
deposition.
Deposition of the PEM Films. The PEM films loaded with
PBwere obtained through three successive steps: (i) the buildup of
the (PAH/PGA)n film, (ii) the confinement of FC
IV ions in these
films, and (iii) the synthesis of PB particles. The electrochemical
characterization of the films was performed after each of these
steps. (PAH/PGA)n films were obtained on the desired substrate
by the layer-by-layer method using a computer-controlled dip-
pingmachine (Riegler &Kirstein, Berlin, Germany). The adsorb-
ing scheme consisted of a 5 min dip in a given polyelectrolyte
solution (either PAH or PGA) followed by rinsing in three
dedicated beakers containing buffer solution: 205 s in the first
one, 5 20 s in the second one, and 2 60 s in the third one.
Repeating these deposition steps by alternating polycations and
polyanions as the adsorbing species leads to the formation of a
PEM filmmade from n layer pairs, (PAH/PGA)n. The major aim
of this investigation was to study the influence of the last deposi-
tion step, regarding its polyanionic or polycationic nature as well
as its dipping time. Namely, four post-treatments of the PEM
films have been explored: the (PAH/PGA)10 film being dipped for
5 min or 8 h either in the PAH solution or in the PGA solution
(with an intermediate PAH layer to ensure reversal of the surface
charge at eachdeposition step in these latter cases). These films are
thus noted, respectively, (PAH/PGA)10-PAH5min, (PAH/
PGA)10-PAH8h, (PAH/PGA)10-PAH/PGA5min, and (PAH/
PGA)10-PAH/PGA8h.
PB Synthesis. Fe(CN)6
4- (FCIV) ions were confined in the
polymeric filmbya 5hdip in abuffer solution containing 1mMof
FCIV ions, after which the confined quantity does not evolve
anymore asmeasured byCV. The sample was then rinsed in three
beakers containing the buffer solution, following the samepattern
of rinsing times as the one described above for the deposition of
the PEM film. The sample was finally let at rest in buffer solution
for at least 1 h to allow the weakly bound FCIV ions to diffuse out
of the coating before continuation of the experiment. PB particles
were finally formed by dipping the PEM film with its confined
FCIV anions in a buffer solution containing 1 mM iron(III)
nitrate. The reaction that is expected to occur is described by eq 1:
3FeðCNÞ64-þ4Fe3þTFe4½FeðCNÞ63 ð1Þ
Theprecipitation reactionwas allowed for at least 30min.29,30The
sample was then rinsed in a manner identical to the one described
in the previous paragraph.
Ultraviolet-Visible (UV-Vis) Spectroscopy. All mea-
surements were performed with an UV mc2 spectrophotometer
(SAFAS, Monaco) used in the single beam mode. Quartz wafers
(Thuet, Blodesheim, France) were used as substrates. Each wafer
was cleaned by successive dipping for 30 min in a fuming hydro-
chloric acid/methanol (50:50 v/v)mixture and a 95% sulfuric acid
solution. Each of these cleaning steps was followed by a rinsing
step in distilled water. A first measurement was taken at this
moment to ensure that no UV-vis absorbing material was
present on the surfaces. The PEM film was then deposited
following the protocol used for the gold electrodes, but without
an MPS starting layer. The spectrum was acquired between 200
and 900 nmwith a resolution of 1 nmafter deposition of the PEM
film, after immersion in the FCIV, and after immersion in the
Fe(NO3)3-containing buffer. The reference transmission used to
calculate the absorbance was that of the cleaned quartz slide.
Fourier Transform Infrared Spectroscopy in the Attenu-
ated Total Reflection Mode (ATR-FTIR Spectroscopy).
The PEMs were deposited according to the same protocol as for
the UV-vis and CV experiments, but with the deposition of PEI
as a starting layer, instead of MPS. This layer is mandatory to
ensure good adhesion of the PEM film on the ZnSe crystal
substrate. The PEM films were built in situ in the ATR cell
(Graseby-Specac, Orpington, U.K.), and the spectrum of each
layer was measured (Equinox 55 spectrometer, Bruker, Wissem-
bourg, France) at a resolution of 2 cm-1 by accumulating 512
interferograms. The polyelectrolytes were dissolved in Tris-NaCl
buffer made from D2O as in our previous studies.
24 The absor-
bance was calculated as -log(Tlayer/TPEI), where Tlayer and TPEI
represent the transmission in the presence of the considered film
and when PEI is adsorbed on the naked ZnSe crystal. In the case
of FCIV incorporation in the film, the reference spectrum for the
absorbance calculation was that of the last deposited layer, either
PGA5min, PGA8h, PAH5min, or PAH8h. The area under the peaks
was calculated using the Origin 3.0 software.
Measurement of theMagnetic Properties of the PB Filled
Films. The magnetic properties of the films were investigated by
using anMPMS-XL Quantum Design SQUID magnetometer in
the -5 to þ5 T and 1.8-300 K ranges. A few milligrams of
powder samples (<2 mg) were obtained by scratching the PEM
film deposited on both sides of a quartz blade (total developed
area of about 20 cm2) and then put in a gel cap for magnetic
measurements. The alternating current (AC) susceptibility data
were obtained in a 3.5 Oe-100 Hz alternative magnetic field.
Results
CV of FCIV-Containing PAH/PGA Films. The growth
regime of (PAH/PGA)n PEM films in the present experimental
conditions has been described previously: the film thickness
increases exponentiallywith the number of layer pairs and reaches
a thickness of 1.0 ( 0.1 μm for n=10.31 The cyclic voltammo-
grams of MPS-(PAH/PGA)10 films put in contact with a 1 mM
FCIV solution (in the presence of the 10 mM Tris, 150 mM
NaNO3 buffer) are displayed in Figure 1 for different contact
times of the film with the FCIV-containing solution. It appears
that the oxidation currents of FCIV as well as the reduction
Figure 1. Voltammograms of a gold working electrode coated
with an MPS-(PAH/PGA)10 film in contact with a 1 mM FC
IV
solution (in 10 mM Tris, 150 mM NaNO3, pH 7.4 solution) for
different times: (curve 1) a few seconds, (curve 2) 5min, (curve 3) 30
min, and (curve 4) 60min. The potential scan rate was 100mV 3 s
-1
in all cases.
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currents ofFCIII reach a steady value after a contact time of about
30-60 min between the FCIV solution and the MPS-(PAH/
PGA)10 film. It has to be noted that, in the presence of a PEM
film, the potentials of the maximum peak currents, as well as the
apparent redox potential, E0, defined as the average of the
oxidation and reduction peak potentials, are shifted to positive
overpotentials with respect to their values on anMPS-coated gold
electrode. This reflects the fact that the chemical potential of the
redox probe is modified in the PEM state with respect to the
solution state. We will discuss this effect later on in this article.
After the stabilization of the oxidation and reduction currents,
i.e., after about 1 h, the FCIV solution was replaced by a pure
buffer solution. CV was then regularly recorded at scan rates of 1
mV 3 s
-1. Figure S-1 (in the Supporting Information) shows the
evolution of the oxidation and reduction charge of FCIV confined
in MPS-(PAH/PGA)10 as a function of the number of scanning
cycles. A very peculiar phenomenon occurred at this stage: the
oxidation and reduction peak currents regularly decreased from
one CV cycle to the next one, suggesting at first glance that the
FCIV ions progressively diffused out of the PEMfilm.However, if
the potential scan cycles were interrupted for a given time (up to
15 h), the oxidation and reduction currents measured (at the first
cycle after this rest time) reached values corresponding to 80% of
the maximal value obtained at the end of the loading period. In
addition, Figure S-1 also shows that, in each successive cycle, the
maximal oxidation current is of higher magnitude than the
maximal reduction current. This experiment shows that, when a
trapped FCIV ion has undergone an oxidation reaction and
becomes an FCIII ion, it is more difficult to reduce this species
back to FCIV, as it is in the free solution. The molecular origin of
this finding is not known at the moment, but it implies that, in
order to estimate the FCIV concentration, we had to measure the
area under the oxidation and reduction peaks at the first scan after
the end of the FCIV loading process.
All the forthcoming CV experiments were hence performed
after putting the PEM films in contact with a 1mMFCIV solution
for 5 h (which is more than sufficient to reach steady state in the
filling of the film, Figure 1) followed by 5 h exposure to buffer.
This long rinsing period allowed all weakly bound FCIV ions to
leach out from the film. At scan rates v lower than 20mV 3 s
-1, the
anodic and cathodic peak currents varied linearly with the scan
rate, indicating that the FCIV ions have the behavior of confined
species. At scan rates higher than 30mV 3 s
-1, a diffusive behavior
(the peak currents scaling as v1/2) is apparent (Figure 2). At high
scan rates, FCIV ions confined inMPS-(PAH/PGA)n film do not
have enough time to diffuse toward the electrode to be oxidized
there, which is not the case at low scan rates.
Tunable Loading Capacity of (PAH/PGA)n Films with
FCIV Anions. The loading capacity of different MPS-(PAH/
PGA)n films were studied toward FC
IV ions depending on the
post-treatment applied on the films. The concentration of FCIV
ions confined in MPS-(PAH/PGA)10-PAH5min, MPS-(PAH/
PGA)10-PAH8h, MPS-(PAH/PGA)10-PAH/PGA5min, and
MPS-(PAH/PGA)10-PAH/PGA8h films was estimated from
CV experiments performed at v=1 mV 3 s
-1, in the region where
the peak currents are proportional to the scan rates (Figure 2) and
where the oxidation and reduction peaks are symmetric (i.e., at
ν < 20 mV 3 s
-1). To that aim, the area under the peaks was
integrated to yield a charge and hence a number of accessible
FCIV anions. Knowing the area of the electrode from the reduc-
tion of the gold oxides27 after the conditioning step in the presence
of sulfuric acid and assuming that the film growth is the same on
silica and on an MPS-covered polycrystalline gold surface, this
amount of ions was transformed in a concentration. The results
are displayed in Figure 3.
It appears that the amount of confinedFCIV ions that is detected
electrochemically increases when an MPS-(PAH/PGA)10 PEM
Figure 2. Evolutionof the oxidationpeak currents as a functionof
the scan rate in the case of MPS-(PAH/PGA)10-PAH/PGA5min
films loaded with a 1 mM FCIV for 5 h and rinsed in contact with
buffer for 5 h. The solid and dashed lines correspond to the
situation where the oxidation current scales as v and v1/2, respec-
tively. The trendwas the same for all other investigated PEMfilms,
whatever the nature of the post-treatment.
Figure 3. Left hand scale: amount of charge accumulated in the
different PEM films as calculated from integration of the area
under the (b) oxidation and (O) reduction peaks. Each pair of
points corresponds to an individual experiment. Right hand scale:
surface concentration of electroactive species, calculated from the
value ofQ and from the electrochemically determined surface area
of the used gold electrodes.
Table 1. Summary of the Apparent Standard Redox Potentials As
Obtained fromCVand of theArea under theCNElongation PeaksAs
Obtained from ATR-FTIR Spectroscopy
PEM filma E0/V/Ag-AgClb IFe(CN)64-
c
PGA8h 0.315 ( 0.006 6.25
PGA5min 0.328 ( 0. 005 n.m.
PAH5min 0.332 ( 0.005 8.0
PAH8h 0.345 ( 0.004 10.90
aOnly the last layer of the PEM film is indicated. The PGA-ending
films where MPS-(PAH/PGA)10-PAH/PGAt or PEI-(PGA/
PAH)10-PGAt in the case of CV and ATR-FTIR experiments, respec-
tively. The PAH-ending films were MPS-(PAH/PGA)10-PAHt or
PEI-(PGA/PAH)10-PGA/PAHt in the case of CV and ATR-FTIR
experiments, respectively. bThe apparent standard redoxpotentialswere
quoted from CV experiments performed at scan rates of 1 mV 3 s
-1.
c Integrated intensity of the CN elongation band of FCIV. n.m.: not
measured.
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film is put in contact with PAH for longer times, whereas the
amount of accessible FCIV ions decreases when an MPS-(PAH/
PGA)10-PAHPEM film is put in contact with PGA.We have not
yet investigated whether the incubation of 8 h in either a PGA or a
PAH solution is sufficient to reach a final steady value in the
amount of incorporated FCIV anions. Our aim here is just to
demonstrate that the physicochemical properties of these PEM
films can be modified by putting them in a solution of one of their
constituting polyelectrolytes for a time longer than that used to
build up the film.
It should be emphasized that CV could underestimate the FCIV
concentration in the film because it might be possible that not all
the FCIV anions are electrochemically accessible, even at very
small scan rates. To check this point, we performed some ATR-
FTIR experiments to confirm the general tendency. Considering
the intensity of the CN elongation band at 2033 cm-1 (Table 1),
more FCIV ions are accumulated when the PEM films are
previously put into contact with a PAH solution compared to
the one previously put into contact with a PGA solution for pro-
longed time. UV-vis experiments were also used to evaluate the
quantity of FCIV ions in the film, which shows themost important
confinement, namely, the MPS-(PAH/PGA)10-PAH8h film.
The UV-vis spectrum of a (PAH/PGA)10-PAH8h film de-
posited on a quartz slide was measured, before and after immer-
sion in the 1 mM FCIV ions solution for 5 h (the reference slide
being an uncoated quartz slide). The absorbance at 320 nm,
attributed to FCIV ions increased by 0.10 ( 0.01 (Figure 4, n=2
experiments on two independent films). The extinction coefficient
of FCIV ions in the same buffer was measured and found to be
equal to 350 L 3mol
-1
3 cm
-1 (data not shown). For the films
having a thickness of about 1 μm31 (the slide is covered on its two
sides), this yields an FCIV ion concentration in the film of 1.4
mol 3L
-1. This value is very close to the one estimated from CV
experiments, (1.2 ( 0.2) mol 3L
-1. The comparison between the
FCIV ions concentrations obtained by UV-vis experiments and
CV strongly suggests that almost all FCIV anions in the film are
accessible to electrochemically triggered oxidation at low scan
rates. It has to be noted that, in all cases, the confinement of FCIV
ions in the (PAH/PGA)n films leads to an impressive increase in
concentration with respect to FCIV ions containing buffer
(1 mM). This high FCIV concentration in the films, however, is
not unexpected on the basis of the amount of positively charged
amino groups from PAH that may be available to interact with
FCIV. We estimate that a film having an area of 1 cm2 and a
thickness of 1 μm (as expected for a MPS-(PAH/PGA)10 film)
contains about 3.810-7 mol of amino groups, whereas the CV
measurements yield an amount of about 1.410-7 moles of FCIV.
The detailed calculations used to get these values are given in the
Supporting Information.
A careful analysis of the oxidation and reduction peak posi-
tions allows one to calculate the apparent redox potential, E0, of
the redox probe inside the film, as the average of the oxidation
and reduction potentials. It appears that E0 increases in the
following order: [X]-PAH/PGA8h < [X]-PAH/PGA5min <
[X]-PAH5min < [X]-PAH8h, with [X] representing the
MPS-(PAH/PGA)10 film (Table 1). An increase in E0 corre-
sponds to a stabilization of the redox probe, according to eq 2:
ΔðΔGÞ ¼ -n 3F 3ΔE0 ð2Þ
where ΔE0 and Δ(ΔG) are the changes in apparent redox
potential, hence the Donnan potential,32 and in the standard free
energy of the Fe(CN)6
4-/Fe(CN)6
3- couple, respectively. In eq 2,




by taking the difference between the apparent redox potential of
the FCIV/FCIII couple in the different films and the same redox
couple on the MPS-coated gold electrode.
When considering the MPS-(PAH/PGA)10-PAH8h film, E0
is increased by about 15 mV with respect to the average apparent
redox potential of the MPS-(PAH/PGA)10 film (Table 1). This
implies a stabilization of the Fe(CN)6
4- anion by about
1.45 kJ 3mol
-1 in comparison to the same ion in an
MPS-(PAH/PGA)10-PAH/PGA film (Table 1). In the case of
the MPS-(PAH/PGA)10-PAH/PGA8h film, the Fe(CN)64- an-
ion is destabilizedwith respect to theMPS-(PAH/PGA10)-PAH
film by about the same energy. This stability change of the redox
probe is directly related to the positive Donnan potential of the
film,which is attributed to an extrinsic charge compensation in the
(PAH/PGA)n PEM films. This Donnan potential increases when
the film is exposed for longer duration to a PAH solution: it can be
due to additional incorporation of PAH in the films or to a PGA
desorption from the film in contact with the PAH solution. To
address this point, someATR-FTIRexperimentswere performed.
Figure S-2 (in the Supporting Information) revealed that the
bands attributed to the PGA carboxylic groups (at 1560 cm-1) as
well as to the amide I (1600-1680 cm-1) band slightly decreased
when the PEI-(PGA/PAH)10-PGA film was exposed to PAH
solution. On the other hand, the intensity of these bands increased
when the same film was put into contact with a PGA solution. It
seems that the contact of a (PAH/PGA)n filmwith aPAHsolution
(respectively, a PGAsolution) induces a PGAdesorption from the
PEM film (respectively, a PGA incorporation). This is in accor-
dance with the previously observed diffusion of PGA and non-
diffusion of PAH into PAH/PGA films.31
Formation of PB Crystals Inside (PAH/PGA)n Films.
The finding that the FCIV concentration in the PEM films can be
modulated over almost anorder ofmagnitude by simply changing
the duration of exposure to either a PGA or PAH solution,
without a change in pH (and hence in the ionization degree of the
polyelectrolytes) suggests that it may be possible to use this FCIV
reservoir to synthesize iron PB particles by incubation of the
FCIV-containing PEM films with FeIII(NO3)3 according to eq 1.
Figure 4. UV-vis spectrum of the (PAH/PGA)10-PAH8h film
deposited on a quartz slide before (dashed line) and after 5 h of
contact (solid line, two independent experiments) with a 1 mM
FCIV-containing buffer solution. Before the measurement, the
quartz slides were rinsed with buffer and dried under a stream of
nitrogen.
(32) Tagliazucchi, M.; Williams, F. J.; Calvo, E. J. J. Phys. Chem. B. 2007, 111,
8105.
DOI: 10.1021/la901479z 14035Langmuir 2009, 25(24), 14030–14036
Laugel et al. Article
Indeed, when a (PAH/PGA)n film, modified by post-treatment
with a polyelectrolyte solution and loaded with FCIV, is put into
contact with a 1mMFe(NO3)3 solution, the formation of blue PB
particles can be detected by single visible inspection (Figure 5A).
The longer the film was previously put in contact with a PAH
solution, the higher the resulting absorbance at 700 nm is, which is
characteristic of PB (Figure 5B). Conversely, when a (PAH/
PGA)10-PAH/PGA8h film is put in contact with a FCIV solution
and then with a Fe(NO3)3 solution, the intensity of the blue color
is weaker than that obtained when the same experiment is
performed on a (PAH/PGA)10 film.
Hence, the amount of PB in the film can be controlled by the
amount of FCIV ions that has been entrapped in the bulk of the
PEM film, this amount being controlled by exposing the (PAH/
PGA)10 or the (PAH/PGA)10-PAH films to PAH or PGA
solutions for various periods of time. The exposure of the
(PAH/PGA)10 films to PAH allows one to extract some PGA
chains from the film (Figure S-2 of the Supporting Information),
which consequently increases the amount of positively charged
traps and, consequently, the amount of sites allowing the incor-
poration of FCIV ions. The FCIV ions incorporation occurs
through an anion exchange process.We previously demonstrated
that the exposure of FCIV-loaded PEI-(PGA/PAH)10 films to a
PGA solution allows for a fast and quantitative removal of FCIV
and its replacement by PGA chains.21 Hence our experiments
show that it is possible to incorporate tunable amounts of
negatively charged ions in exponentially growing PEM films,
such as the (PAH/PGA)n ones, by simply exposing these films to
solutions containing one of the constituting polyelectrolytes for
durations longer than those used to build up the films. This shows
that such exponentially growing PEM films are dynamic “living”
structures, whose composition may be easily changed by a “post-
treatment”. This dynamic nature may essentially be due to
exchange processes. It has already been found that films made
from hyaluronic acid (HA) and poly-L-lysine (PLL) can undergo
quantitative exchange with PAH when this polycation is put in
contact with a PEI-(HA/PLL)n film.33 (PLL/PGA)n films can
also undergo an exchange process with PSS when the film is put
into contact with a PSS solution.34
It has to be noted that (PAH/PGA)n films filledwith PB remain
stable in solution for days, and their stability lasts for at least
several months in the dry state (data not shown). To further
demonstrate the importance of these findings, we will now
illustrate that such “dynamic” PEM films may find useful
applications in materials science. After the formation of PB
particles in (PAH/PGA)10-PAH8h film by successive dipping in
1 mM FCIV and 1 mM Fe(NO3)3 solutions, the dark blue film
deposited on a glass slide (5  2 cm2 covered on both sides)
was rinsed with distilled water and scratched away in order to
measure themagnetization of the obtained powder. The tempera-
ture variation of the magnetic susceptibility of the sample is
presented in Figure 6. Above 20 K, it follows a Curie-Weiss law
(C=0.0009 K emu 3 g
-1, θ=þ5.6 K). A steep increase of the
magnetic susceptibility is observed below 5 K. Moreover, field-
cooled (FC) and zero-field-cooled (ZFC) measurements show a
small difference below 3 K, which suggests a ferromagnetic
behavior, as expected for PB.35,36 The occurrence of a magnetic
state is confirmed by the magnetization versus field cycle at a
temperature of 1.8 K (inset of Figure 6), which exhibits a
characteristic vertical slope at low field and saturation up to ca.
6 emu 3 g
-1 at 5 T. As suggested by the FC/ZFC curves, the
hysteresis is very small, in agreement with the known magnetic
behavior of PB. Accordingly, the AC susceptibility variation
displayed in Figure 7 shows an out-of-phase signal below the
ordering temperature TC=3.3 K. The ordering temperature is
slightly lower than that of the bulk material (5.6 K). This can be
attributed to the small size of the PB formed inside the film, as
usually observed for nanoparticles compared to bulk magnetic
materials. The size distribution of the PB particles in these PEM
films will be the subject of forthcoming investigations.
These results confirm the formation of PB and indicate that the
resulting films can show significant magnetization. In addition,
the PB-filled MPS-(PAH/PGA)10-PAH8h film was subject to
CV, and it appeared that the obtained composite film displayed
Figure 5. (A) The effect of contact between the PEM films and
PAH for 8 h and PGA for 5 min or 8 h on the growth of PB is
apparent in the change of the deep blue film coloration. (B) UV-
vis spectra of the PEM films after contact with a 1 mM FCIV
solution, buffer rinse, and drying under a stream of nitrogen
(dotted lines) and of the same film after incubation with a 1 mM
Fe(NO3)3 solution in the presence of buffer during 1 h (solid line).
The spectra of two independent films are plotted corresponding to
the different architectures and are shifted by two absorbance units
for the sake of clarity. The characteristic band associated with
charge transfer in the polymeric [FeII-CN-FeIII] species is cen-
tered at 700 nm, as expected for PB.
Figure 6. Thermal variation of the magnetic susceptibility
of (PAH/PGA)10-PAH8h film put in contact successively with a
1mMFCIV and a 1mMFe(NO3)3 solution. Open circles and filled
squares hold for ZFC and FC measurements, respectively. Inset
shows the magnetization versus field curve at a temperature of
1.8 K.
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the electrochemical properties expected for PB (Figure S-3
Supporting Information). Nevertheless, the conversion of the
FCIV anions toPBparticleswas not quantitative, even after 3 h, as
clearly shown by ATR-FTIR spectroscopy. Indeed, after incuba-
tion of the FCIV-loaded film with an Fe(NO3)3-containing solu-
tion, a new peak, attributed to PB, appeared at 2072 cm-1, but the
peak attributed to the elongation of the CN group in FCIV
(2033 cm-1) did not totally disappear (Figure S-4, Supporting
Information). This trend was also found by CV. The oxidation
peaks expected for PBparticles at around0.4 and 0.6V versusAg/
AgCl37 are observed, but we cannot exclude the presence of
unreacted FCIV anions because of the broad oxidation peak at
around 0.4 V aswell as the broad reduction peak at around 0.25V
versus Ag/AgCl. This finding is not surprising if one considers
that a FCIV anion has to be free in order to undergo a precipita-
tion reaction with an Fe3þ cation. It is then possible that a
significant proportion of the FCIV anions are strongly bound to
free PAH loops and are not accessible to the incoming Fe3þ
cations, even after extended incubation time with the Fe3þ-
containing buffer.
Conclusions
In this article we demonstrated that it is possible to tune the
amount of FCIV anions retained in an exponentially growing
PEM film by incubating the as-built film in a solution of
either the constituting polyanion or the polycation. This
strategy differs from those used by other researchers who
mostly changed the pH in order to change the ionization
degree of either the polyanion or the polycation when the
PEM film was made from weak polyelectrolytes.22,23 The
ability to control the amount of loaded anions means that one
is able to tune the Donnan potential of the film. The
mechanism at the origin of this finding may be an exchange
process: when (PAH/PGA)n films are put in contact with a
PAH-containing solution, PGA is stripped out of the PEM
film, and when the same film is put in contact with a PGA
containing solution, there is some additional PGA infiltra-
tion in the film, which subsequently reduces the ability of the
film to load FCIV anions. The tunable amount of FCIV anions
allows one to also tune the amount of PB particles obtained
when the PEM films are put in contact with Fe3þ cations. The
reaction between FCIV and Fe3þ, even if it is not quantitative,
allows one to produce variable amounts of PB particles, the
obtained films then having potential applications as electro-
chromic thin films.38 Magnetic measurements showed that
PB particles formed in the film keep their characteristic
behavior, leading to a ferromagnetic film (at temperatures
below 3.3 K), suggesting that our approach is promising for
building new magnetic and multifunctional nanostructures.
This will need the synthesis of PB analogues that display more
interesting magnetic properties in the bulk of the PEM films.
In addition, it seems interesting to use the strategy presented
in this article to build up thin and stratified magnetic films:
different exponentially growing PEM compartments sepa-
rated from each other by ion-impermeable compartments
could be loaded by the herein presented infiltration method
by different PB analogues.
Supporting Information Available: Evolution of the oxida-
tion and reduction charge of FCIV-filled MPS-(PAH/
PGA)10 films depending on the number of measurement
cycles and the duration of the rest time between successive
scanning cycles, the influence of the post-treatment of a
PEI-(PGA/PAH)10 film with PGA or PAH solutions on
its ATR-FTIR spectrum, and CV and ATR-FTIR spectrum
of PEM films containing PB. Evaluation of the number of
available amino groups in an MPS-(PAH/PGA)10 film.
This material is available free of charge via the Internet at
http://pubs.acs.org.
Figure 7. Thermal variation of the in-phase (χ0) and out-of-phase
(χ0 0)magneticAC susceptibility of (PAH/PGA)10-PAH8h filmput
in contact successively with a 1 mM FCIV and a 1 mM Fe(NO3)3
solution.
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